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Abstract. A concept of SUb-atmospheric Radio-frequency Engine (SURE) designed
for near space environment is reported. The antenna wrapping quartz tube consists of
two solenoid coils with variable separation distance, and is driven by radio-frequency
power supply (13.56 MHz-1 kW). The discharge involves inductive coupling under
each solenoid coil and capacitive coupling between them. This novel scheme can ionize
the filling air efficiently for the entire pressure range of 32 ∼ 5332 Pa in near space.
The formed plasma density and temperature are up to 2.23× 1018 m−3 and 2.79 eV,
respectively. The influences of separation distance, input power, filling pressure and
the number of solenoid turns on discharge are presented in detail. This air-breathing
electric propulsion system has no plasma-facing electrode and does not require external
magnetic field, and is thereby durable and structurally compact and light.
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Near space, with typical altitude from
20 km (Armstrong line) to 100 km (Kar-
man line) and pressure in range of 32 ∼
5332 Pa, lies in the region between conven-
tional aviation and aerospace[1, 2, 3]. It
has been attracting great attention recently
for civil and military explorations, owing to
certain advantages such as persistent intel-
ligence, surveillance, reconnaissance, long
endurance, beyond line of sight communi-
cation, and low cost access to space-like
performance[4, 5, 6, 7, 8, 9, 10]. Propul-
sion system plays the most critical role
for high-altitude aircraft and low-altitude
satellite in this space, in terms of long-
duration flight and gesture control[7, 8].
However, conventional aeronautic propul-
sion schemes including turbine and pro-
peller cannot work efficiently because of
low density atmosphere, and present as-
tronautic propulsion schemes such as elec-
tric thrusters are neither suitable due
to high power consumption for ioniza-
tion and excessive aerodynamic drag[11,
12, 13, 14]. Although there exist var-
ious atmospheric discharge methods[15],
such as corona discharge[16], dielectric bar-
rier discharge[17, 18], atmospheric pressure
plasma jet (APPJ)[19, 20, 21, 22, 23], cold
plasma torch[24], glow discharge[25, 26],
microhollow cathode discharge[27], and
surface-wave discharge[28], most of them
involve plasma-facing electrode which lim-
its the lifespan due to erosion problem and
the efficiency due to formed sheath[29].
This letter reports a novel concept of
RF plasma thruster (named SURE for
SUb-atmospheric Radio-frequency Engine)
which can ionize the filling air efficiently for
the entire pressure range of 32 ∼ 5332 Pa in
near space. There is no plasma-facing elec-
trode, yielding long life and high efficiency,
and does not require external magnetic
field so that can be structurally compact
and light. Moreover, it is an air-breathing
system that does not need to bring propel-
lant as traditional electric thrusters do in
aerospace, thus can further extend the lifes-
pan. Hence, this concept is a very promis-
ing candidate for near-space propulsion.
The SURE experiment includes three
parts: plasma source, pumping system
and diagnostics. The source consists of a
cylindrical quartz tube in length of 0.6 m
and diameter of 0.05 m, RF power sup-
ply of frequency 13.56 MHz and maxi-
mum power 1 kW, impedance matching
network, and an innovative antenna wrap-
ping the quartz tube. This antenna com-
prises two legs which are solenoid coils,
separated by a variable distance to in-
troduce voltage difference for acceleration,
and connected to the high-voltage output
and ground of power supply respectively.
The inductive coupling of each leg can be
controlled separately by adjusting the num-
ber of solenoid turns, and the capacitive
coupling and acceleration between two legs
are controllable through changing the sepa-
ration distance and applied voltage. Please
note that this structure is different from
the antenna of two ring electrodes which
only involves capacitive coupling effect[15].
The pumping system includes gas cylin-
der, mass flow controller, vacuum meter
and mechanical pump. The filling pres-
sure inside the quartz tube can be varied
from 0.1 Pa to 1 atm. The diagnostics
include RF-compensated Langmuir probe,
which provides the information of plasma
density and temperature via the measured
I-V curve, and digital camera for imaging
and video recording. The probe tip is made
of Tungsten and 1.5 × 10−5 m in diame-
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ter and 0.01 m long, and sits on axis and
∼ 0.03 m away from the ground leg of an-
tenna. The diagnostic data are collected
and analyzed by an acquisition system.
Figure 1 shows the typical discharges
driven by single (one-leg) and dual (two-
leg) antennas. Examples include 1 turn
(a1)
(a2)
(b1)
(b2)
Figure 1: Comparison between single and
dual antennas for filling pressure of 200 Pa
and input power around 800 W.
and 5 turns of solenoid coils. The filling
pressure is 200 Pa and the input power is
around 800 W. We can see that the dis-
charge for dual antennas is much brighter
than that for single antenna, implying
higher plasma density; actually, the mea-
sured plasma density is nearly two-order
higher: (b1) 3.99 × 10
16 m−3 for 890 W
(2.94 eV) and (b2) 1.33 × 10
18 m−3 for
800 W (2.48 eV). Moreover, the discharge
has axial preference regarding the middle
of dual antennas, which labels the accel-
eration feature of the second leg. Please
note that here the working medium is air,
to demonstrate the superiority of SURE;
in following sections, it is changed to ar-
gon for easy diagnostics and clear pa-
rameter study. Detailed influence of the
number of solenoid turns on discharge for
dual antennas is given in Fig. 2 for in-
put power of 800 W and filling pressure of
200 Pa. It can be seen that for increased
number of solenoid turns, the discharge is
brighter and more continuous, i. e. from
bullets to column; moreover, the plasma
density increases first and then decreases
slightly, maximizing around 3 turns where
the plasma temperature minimizes. These
different variations of plasma density and
temperature, i. e. when the number of
solenoid turns is bigger than 3 (including),
may imply that the ionization procedure
which generates plasma is opposite to the
heating procedure that accelerates charged
particles to high temperature. Figure 3 il-
lustrates the dependence of plasma density
and temperature on input power and the
separation distance between antenna legs
(5 turns) for 200 Pa. We can see that
both plasma density and temperature in-
crease for increased power, which is reason-
able as expected. Interestingly, the plasma
density is highest for separation distance
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Figure 2: The influence of the number of
solenoid turns on discharge for input power
of 800 W and filling pressure of 200 Pa.
of 0.15 m and lowest for separation dis-
tance of 0.1 m, whereas the plasma temper-
ature is on the contrary. This implies again
that the ionization procedure is opposite to
the heating procedure, and there may be
a competition between them. The maxi-
mum plasma density and temperature are
2.23 × 1018 m−3 and 2.79 eV, respectively.
This competition hypothesis gains further
evidence from the dependence of plasma
density and temperature on filling pressure
above 500 Pa, shown in Fig. 4. Results
are for dual antennas with 5 turns, separa-
tion distance of 0.1 m and input power of
(a)
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Figure 3: Dependence of plasma density
(a) and temperature (b) on input power
and separation distance between antenna
legs (5 turns) for filling pressure of 200 Pa.
800W. One can see that the plasma density
largely decreases for enhanced pressure,
while the plasma temperature increases
on the whole. These opposite trends of
plasma density and temperature are con-
sistent with previous studies[30, 31]. The
underlying physics may be correlated with
the mean free path of electrons, which is
short for high density and thereby short-
ens the acceleration path, yielding low tem-
perature under certain conditions. The
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Figure 4: Dependence of plasma density
and temperature on filling pressure for dual
antennas with 5 turns, separation distance
of 0.1 m and input power of 800 W.
monotonicity breaks at 300 Pa and the
plasma density drops sharply for pressure
increased from 500 Pa to 600 Pa, imply-
ing that the discharge may turn into a dif-
ferent mode there. Indeed, when we fur-
ther increase the pressure from 1000 Pa to
5500 Pa (for both argon and air), the dis-
charge becomes bifurcate, filamentous and
quivering (videos available online), which
means that the mode transits from α to
γ according to the typical features of at-
mospheric RF discharge[23, 32, 33, 34, 35].
Figure 5 gives a typical image of discharge
at high pressure (3500 Pa) from which we
can see bifurcated plasma striations.
In summary, to provide an efficient
propulsion scheme for near-space applica-
tions, the authors invent a novel radio-
frequency plasma thruster (SURE) which
can work steadily for the entire pressure
range of 32 ∼ 5332 Pa in near space. The
special antenna has two legs, separated by
a controllable distance, and each leg is a
solenoid coil. This structure can incorpo-
Figure 5: Typical image of SURE discharge
at high pressure (3500 Pa) for 800 W.
rate capacitive coupling and inductive cou-
pling simultaneously, and enhance the ion-
ization and acceleration capabilities. For
RF power supply of frequency 13.56 MHz
and power 1 kW, the formed plasma den-
sity and temperature can be as high as
2.23 × 1018 m−3 and 2.79 eV, respectively.
It is found that the variation of plasma den-
sity is opposite to that of plasma temper-
ature with the separation distance, filling
pressure and the number of solenoid turns,
although they both increase with enhanced
power as expected. This implies that the
ionization and heating procedures are op-
posite, and may be correlated with the
mean free path of electrons, which is short
for high density and thereby shortens the
acceleration path, leading to low tempera-
ture. Further experiment will be devoted
progressively to the design of SURE proto-
type, performance test in a vacuum cham-
ber (190 ∼ 270 K & 32 ∼ 5332 Pa) by mea-
suring the thrust and specific impulse, and
flight demonstration in near space based on
high-altitude balloon or dirigible.
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Data Availability
The data that support the findings of this
study are available from the corresponding
author upon reasonable request.
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